The selective hydrogenation of aromatic compounds to cyclohexanes was found to be promoted by chitin-supported ruthenium nanoparticles (Ru/chitin) under near-neutral, aqueous conditions without the loss of C-O/C-N linkages at benzylic positions.
The catalytic hydrogenation of arenes is a straightforward and hugely important method by which cyclohexanes are produced. 1,2 However, a major issue with this transformation is the need to suppress the competitive hydrogenolysis of reactive carbon-heteroatom linkages (e.g. C-O and C-N bonds) at benzylic positions. 3, 4 Attempts to address this problem typically focus on using acetic acid as a (co-) The development of catalytic systems that operate under aqueous conditions remains strongly in demand, since it promises a route to functionalized, water-soluble cyclohexanes for applications in materials and biological sciences.
4g,12
We here disclose that chitin-supported ruthenium nanoparticles (Ru/chitin) efficiently catalyze arene hydrogenation under aqueous conditions without hydrogenolyzing C-O/C-N bonds at the benzylic positions.
In recent work we established that Ru/chitin serves as an efficient catalyst for the hydration of nitriles to amides under aqueous conditions. 13, 14 Based on this result, we reasoned that Ru/chitin should also be suited to the chemoselective hydrogenation of functionalized arenes because the nitrile hydration operated under near-neutral conditions 13 and supported ruthenium nanoparticles are known to be good catalysts for arene hydrogenation. 6,8b,9a,b,10a-d,15 As shown in yield after removal of the catalyst and SiO 2 column chromatography, with Ru contamination proving lower than the detection limit of ICP-AES (<1 ppb). Results demonstrate that both ruthenium and chitin were necessary for selective arene hydrogenation (entry 1 vs. entries 2-5). Moreover, heterogeneous catalysts prepared analogously to Ru/chitin but using cellulose, chitosan, γ-Al 2 O 3 or carbon promoted arene hydrogenation but with lower selectivity (entries 6-9). Among these, hydrogenation with Ru/cellulose 15c was also found to be distinctly effective, although appreciable amounts of sideproducts were formed through hydrogenolysis (Table 1 , entry 6). Results obtained using commercially available catalysts are summarized in entries 10-14. Rh/Al 2 O 3 (Sigma-Aldrich) proved efficient (2a: 92% yield) but induced partial hydrogenolysis to 3a or 4a (entry 11). Lastly, Ru/C (TCI) 18 was also a moderately good catalyst (2a: 87% yield) but caused competing epoxide ring-opening (entry 12).
19
Results in Table 2 demonstrate that Ru/chitin-promoted selective arene hydrogenation was compatible with benzylic C-O or C-N linkages in alcohol, ether, amide and amino functionalities in a wide range of substrates (1b-k Na ). The corresponding cyclohexanes 2b-k Na were obtained in good-toexcellent isolated yields, with the products typically being isolated by distillation or column chromatography after simply removing the catalyst by filtration or centrifugation. Hydrogenation of significantly acid-sensitive benzyl alcohols 1d and 
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1e proceeded without loss of the C-O bonds (Table 2 , entries 3 and 4). 20 Marginal amounts of side-products were detected when using 1d-f Na (entries 3-5). The absolute configurations of (S)-1c, (R)-1f Na and (S)-1j·HCl were retained under our reaction conditions (entries 2, 5 and 9). 21 Unfortunately, double hydrogenation of dibenzyl ether or dibenzylamine·HCl was sluggish due to low reactivity and competitive hydrogenolysis at the benzylic positions. 22 However, arene 1h could be doubly hydrogenated to give the dicyclohexyl analogue 2h in excellent yield (entry 7). By virtue of the aqueous conditions used, hydrophilic sodium carboxylates 1f Na and 1k Na as well as ammonium salts 1i·HCl and 1j·HCl could be effectively converted to give the corresponding salts of substituted cyclohexanes (entries 5, 8-10) . In particular, the hydrogenation of 1k Na to 2k Na represents an important route for preparing nonstandard amino acid-bearing hydrophobic cyclohexyl rings from more accessible aromatic analogues. 4g,12 In a similar vein, the hydrogenation of sodium phenylalanate (1l Na ) with Ru/chitin also gave the corresponding cyclohexyl-bearing amino acid 2l Na in high yield (entry 11). The substrate scope of other typical aromatic rings is summarized in Table S3 . † The hydrogenation of toluene (3a) by Ru/chitin in water showed a turnover frequency (TOF) of 6000 h −1 and a turnover number (TON) of 3000 based on the amount of consumed H 2 (eqn (1)). These values are higher than or comparable to those in previously reported hydrogenations of 3a in water with other Ru or Rh catalysts (Ru: TOF and TON, 10-2700 h −1 and 240-2700; Rh: 100-11 000 h −1 and 300).
4e,9d,10
The reusability of the Ru/chitin catalyst was tested over seven consecutive reductions of 1a, with the catalyst being recovered by centrifugation each time. Results indicated only a modest loss of catalytic activity and selectivity (hydrogenation of 1a: 1st run, 98% yield; 2nd run, 96% yield; 3rd run, 94%; 4th run, 90%; 5th run, 89%; 6th run, 87%; 7th run, 87%, Table S4 †). This behavior was investigated by HRTEM analysis (Fig. 1) . Analysis after either 1 or 6 hydrogenation cycles suggested that the nanoparticles continued to incorporate pristine metal, with an observed d-spacing of 2.14-2.17 Å attributed to the Ru(002) plane of Ru 0 . However, nanoparticle sintering was clearly observed after repeated testing, with the mean particle size growing from 2.3 ± 0.3 nm in the fresh catalyst (Fig. 1a) to 3.5 ± 0.8 nm after 6 hydrogenation cycles (Fig. 1c) . TEM, EDX and XRD analyses of the as-prepared Ru catalysts (Fig. S1 -S9 †) suggest that 2-3 nm nanoparticles represent both the most efficient and selective of the catalysts tested. Interestingly, results point to the inexpensive polysaccharide supports chitin and cellulose accommodating such particles (Table S5 and Fig. S10 †) more readily than other commercially available supports do when using the same preparative route. Though one commercially sourced Ru/C catalyst e Absolute configuration and optical purity were determined by a polarimeter and chiral GC analyses.
f Side-products were detected: entry 3, 4d (3%); entry 4, 6e (7%); entry 5, 4f Na (6%).
g As indicated by the supplier. h Yield of carboxylic acid (R)-2f after the addition of HCl aq.
i Optical purity was not determined.
j Yield of 2·HCl after the addition of HCl aq.
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contains comparably-sized nanoparticles, the selectivity is lower than Ru/chitin or Ru/cellulose (Fig. S8 and Table S5 †) . In summary, we have prepared 2-3 nm chitin-supported ruthenium nanoparticles in the absence of additional capping agents. They have promoted efficient hydrogenation of arenes to cyclohexanes under near-neutral, aqueous conditions, with hydrogenation taking place to the exclusion of hydrogenolysis of normally reactive C-O and C-N linkages. Of importance, preliminary data point to the use of this readily available, environmentally benign support material being synonymous with the generation of nanoparticles whose dimensions provide both excellent conversion and selectivity. Ongoing work is seeking to more precisely investigate morphological changes exhibited by Ru/chitin in order to counteract the modest loss of activity after multiple hydrogenation cycles and to assess the possibility of developing these systems in a microfluidic context. This work was financially supported by the Ichihara International Scholarship Foundation (to H. N.), the Institute for Quantum Chemical Exploration (to H. N.), MEXT (Japan) through its program "Integrated Research on Chemical Synthesis" (to H. N.) and the Royal Society through its International Exchange Scheme (to A. E. H. W. and H. N.). K. B. and B. R. K. thank the UK EPSRC (EP/J500380/1). Y. M. and A. M. acknowledge the IGER program at NU. We thank Professors R. Noyori (NU), S. Saito (NU) and K. Shimizu (Hokkaido U) for their helpful comments. Unprocessed data for this paper are available at the University of Cambridge data repository (see http://dx.doi.org/10.17863/CAM.432).
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